Introduction
Cytokinesis, the splitting of one cell into two, is fundamental to the development and propagation of all organisms. Most studies of cytokinesis have focused on proteins of the actomyosin ring, which, likely through linkage to the plasma membrane, generates force for cleavage furrow ingression. In addition, furrow-associated membrane trafficking has come to be recognized as an essential feature of cytokinesis in most cells. Recent studies suggest that both the actomyosin ring and membrane trafficking become focused at the midzone of the cell at least in part because of membrane signals provided by phosphatidylinositol (PI) phosphates (PIPs).
PI and at least four PIPs -PI 4-phosphate (PI(4)P), PI (4,5)-bisphosphate (PI(4,5)P 2 ), PI (3,4,5)-trisphosphate (PI(3,4,5) P 3 ) and PI 3-phosphate (PI(3)P) ( Figure 1 ) -have roles in cytokinesis. Initial evidence from pharmacological studies on dividing sea urchin embryos showed that the inositol recycling inhibitor lithium causes a cytokinesis block that can be rescued by addition of myo-inositol [1, 2] . Treatment with PI pathway inhibitors slows or stops furrowing in dividing insect spermatocytes [3, 4] , and the rapidity of these effects suggests that continuous PI cycling is required. Indeed, multiple inositol phospholipids and their regulators are required for cytokinesis.
Here, we present current evidence for the roles of particular PI lipids in cytokinesis and discuss how these critical membrane regulators may direct cytoskeletal organization and membrane trafficking to promote successful cleavage.
Requirement for Inositol Phospholipids and Their
Regulators in Cytokinesis PIP biosynthesis is initiated when PI transfer proteins (PITPs) deliver the precursor PI to cellular membranes. Several families of PITPs are thought to function at the ER or cleavage furrow during cytokinesis (reviewed in [5] ; Figure 2 ). For example, the Drosophila melanogaster PITP Giotto (Gio; also called Vibrator (Vib)) is essential for cytokinesis in neuroblasts and spermatocytes, localizes to the endoplasmic reticulum, and cleavage furrow, and likely provides the substrate for PI 4-kinase IIIb (PI4KIIIb) in spermatocytes [6, 7] . Likewise, the Saccharomyces cerevisiae PITP Sec14 acts through PI(4)P and PI(4,5)P 2 to promote cytokinesis [8] .
Phosphatidylinositol 4-Phosphate PI(4)P and PI4KIIIb have clear roles in cytokinesis. In Drosophila males lacking PI4KIIIb, also called Four wheel drive (Fwd), primary spermatocytes initiate cleavage, but the cleavage furrow regresses, resulting in formation of multinucleate spermatids [9] . Fwd has both catalytic and noncatalytic functions because a kinase-dead version provides partial rescue [10] . Fwd binds the membrane trafficking regulator Rab11, colocalizes with Rab11 and PI(4)P on Golgi membranes, and affects the distribution of Rab11 and PI(4)P during cytokinesis [10, 11] . Similarly, the catalytic activity of the Schizosaccharomyces pombe homolog of Fwd (SpPik1), and hence PI(4)P, is required for septation [12, 13] .
Direct evidence of a role for PI4KIIIb or PI(4)P in cytokinesis in mammalian cells is lacking. Moreover, Fwd does not play an essential role in somatic cells. Drosophila mutants that entirely lack the fwd gene are viable and female fertile, and knockdown of fwd by RNA interference (RNAi) caused only mild cytokinesis defects in Drosophila Kc167 cells [9, 14] . A mild cytokinesis defect was also observed upon knockdown of Drosophila PI4KIIIa, suggesting that multiple PI4K isoforms may synthesize PI(4)P in dividing somatic cells. Alternatively, PI(4)P may be dispensable during somatic cell cytokinesis, or produced by other enzymes, for example the 5-phosphatase OCRL (Figure 1 ). Phosphatidylinositol 4,5-Bisphosphate PI(4,5)P 2 is generated in the cleavage furrow and is a critical regulator of cytokinesis ( [15, 16] and references therein). In S. pombe, the PI(4)P 5-kinase (PIP5K) Its3 and PI(4,5)P 2 localize to the midzone of dividing cells, and a temperature-sensitive mutation in its3 blocks cleavage. PI(4,5)P 2 and PIP5Kb are found in cleavage furrows of dividing mammalian tissue culture cells, and titration or depletion of PI(4,5)P 2 results in cytokinesis defects. In S. pombe and Dictyostelium discoideum, the PI 3-phosphatase PTEN localizes to the cleavage furrow, where it contributes to the production of PI(4,5)P 2 by dephosphorylating PI(3,4,5)P 3 . Since PIP5K and PTEN can potentially bind PI(4,5)P 2 , positive feedback loops may concentrate these PI(4,5)P 2 biosynthetic enzymes, and PI(4,5)P 2 , at the cleavage furrow.
PI(4,5)P 2 turnover is required for successful completion of cytokinesis. Several phospholipase C (PLC) isoforms localize to the cleavage furrow in mammalian cells, and pharmacological experiments indicate that PLC activity is required for cytokinesis in mouse fibroblasts and insect spermatocytes [3, 4, 17, 18] . Cell cleavage also requires inositol trisphosphate (IP 3 )-dependent calcium signaling downstream of PLC [3, 4] . Nevertheless, genetic experiments demonstrating a requirement for PLC in cytokinesis are currently lacking [19] . The PI(4,5)P 2 phosphatase OCRL, mutated in patients with oculocerebrorenal syndrome of Lowe, is necessary for completion of cytokinesis in Drosophila and human cells [19, 20] . OCRL knockdown in Drosophila S2 cells leads to accumulation of PI(4,5)P 2 on large intracellular vacuoles and formation of unstable cleavage furrows, indicating that dephosphorylation of PI(4,5)P 2 on endocytosed membranes is needed to maintain high levels of PI(4,5)P 2 signaling in the cleavage furrow.
Phosphatidylinositol 3,4,5-Trisphosphate PI(3,4,5)P 3 homeostasis regulates cytokinesis in Dictyostelium [21] . Cells mutant for the redundant class I PI 3-kinases -PI3K1 and PI3K2 -or for PTEN show altered levels of PI(4,5)P 2 and mild to moderate cytokinesis defects. Cells lacking all three enzymes show severe cytokinesis defects. Since PI(3,4,5)P 3 localizes to the poles and PI(4,5)P 2 to the cleavage furrow of dividing Dictyostelium cells, a gradient of PIPs may be required for cell division. Alternatively, the critical role of PI(3,4,5)P 3 regulatory enzymes in cytokinesis may be to maintain high levels of PI(4,5)P 2 in the furrow.
It is unclear whether PI(3,4,5)P 3 regulates cytokinesis in other organisms. Mouse embryos mutant for the class I PI3K regulatory subunit p85a show a significant proportion of binucleate cells, and embryonic fibroblasts from p85a 2/2 mutant mice exhibit a delay in abscission, indicating a role for p85a in cytokinesis [22] . Nonetheless, the requirement for p85a appears to be PI(3,4,5)P 3 -independent, and p85a acts instead as a scaffold to regulate the Rho-family GTPase Cdc42 and septins at the furrow.
Phosphatidylinositol 3-Phosphate PI(3)P is also important for cytokinesis (reviewed in [23] ). A role for PI(3)P was suggested by the observation that PI3K inhibitors block cytokinesis and induce cleavage furrow regression in dividing crane-fly spermatocytes. PI(3)Ppositive endosomes localize to the midzone in fungal and mammalian cells. Depletion of the class III PI3K Vps34, which synthesizes PI(3)P, resulted in multinucleate cells and delayed completion of cytokinesis in HeLa cells. Interestingly, the PI(3)P phosphatase myotubularin was identified in an RNAi screen for PIP pathway regulators required for cytokinesis [19] . Thus, levels of PI(3)P, like those of other PIPs, must be carefully regulated to permit successful cleavage.
Potential Targets of PIPs in Cytokinesis
Despite the requirement for PIPs in cytokinesis, their molecular roles in this process are not completely understood. Due to their charged nature, PIPs may create localized docking sites for proteins -for example, cytoskeletal and trafficking regulators -thereby defining specific membrane domains. Alternatively, PIPs may affect the intrinsic biophysical properties of membranes through direct or indirect effects on membrane curvature and lipid composition. These models are not mutually exclusive, and both are probably at play in creating specific domains of activity on the membrane during cytokinesis.
Actin Cytoskeleton
The critical importance of PIPs in regulating cytoskeletal elements is illustrated by the finding that F-actin, Rho, myosin II and anillin accumulate on PI(4,5)P 2 -containing endosomes rather than furrow membranes in cells in which OCRL or Rab35 (which recruits OCRL to the midbody) has been knocked down [19, 20] . Hence, restricting PI(4,5)P 2 to the cleavage furrow is necessary for proper organization of the contractile ring. PIPs have well-documented roles in regulating actin, and strong evidence indicates that PI(4,5)P 2 promotes actin polymerization (reviewed in [24] ). However, recent studies have identified other cytokinetic factors whose function is, in part, modulated by PIPs, particularly PI(4,5)P 2 ; these include Rho, septins and myosin II.
Rho is one of the first factors to be recruited and activated at the site of furrow ingression, and provides a key signal for contractile ring assembly and contractility (reviewed in [25, 26] ). Like many GTPases of the Ras superfamily, Rho has a carboxy-terminal CAAX motif that targets it to the membrane, as well as a series of basic residues that can interact electrostatically with membrane regions that are more negatively charged [27, 28] . In S. cerevisiae, binding of this basic patch to PI(4,5)P 2 targets Rho1 to the bud neck during septation and abscission [29] . Hence, a specialized domain within the plasma membrane appears to be required for continued Rho activity during cleavage. It is unknown whether this requirement is conserved in other organisms, or whether Rho regulators (guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs)), which have the potential to bind PIPs, rely on PIPs for their localization and activity in late stages of cytokinesis. Septins are filament-forming cytoskeletal proteins required for cytokinesis in S. cerevisiae and animal cells (reviewed in [30] ). Like Rho, septins have a polybasic patch that interacts with PI(4,5)P 2 . PIP binding not only targets septins to the membrane, but also lowers the concentration required for filament polymerization. Elevated levels of PI(4,5)P 2 at the cleavage furrow could thus act as a nucleator for septin filament formation. The large basic patch could enhance interactions with the membrane and explain the ability of septins to form a meshwork on the plasma membrane and to deform PI(4,5)P 2 -enriched membranes into tubules. The emerging model is that septin-PIP interactions might not only create a diffusion barrier, but also bend the membrane, thereby facilitating or stabilizing the cleavage furrow.
A key requirement for cytokinesis is to couple the force generated by the actomyosin ring to the plasma membrane to drive furrow ingression. Septins, through an interaction with myosin II, could provide such a link [31] . Alternatively, the scaffolding protein anillin could provide a membrane link via its pleckstrin homology (PH) domain, which has been postulated to bind PI(4,5)P 2 (reviewed in [16, 32] ). However, there has been no direct demonstration that anillin binds PIPs. Depletion of septins or anillin allows furrow ingression, although the furrow may be displaced or fail to ingress completely. Thus, another factor, or factors, must provide the link between the plasma membrane and contractile ring during early stages of assembly and ingression.
One possible link at early stages of cytokinesis is the ezrin-radixin-moesin family of proteins, which has the capacity to crosslink F-actin to plasma membrane PI(4,5)P 2
PI4P
DAG PI PI3P PI(3,4,5)P 3 PI(4,5)P 2 Lipid and is required for cortical stability during mitosis [33, 34] . The actinbundling protein cortexillin is postulated to play this role in Dictyostelium [35] . Another possibility is direct coupling of myosin II to the plasma membrane, as recent studies have shown that myosin can interact with lipids.
Although not yet demonstrated, direct binding of myosin to PI(4,5)P 2 would provide a direct link between the contractile ring and the furrow membrane.
Membrane Trafficking
In addition to the cytoskeleton, PIPs regulate membrane trafficking during cytokinesis. PI(4)P may bind and recruit effectors that direct post-Golgi trafficking to the cleavage furrow (reviewed in [36, 37] ) (Figure 2 ). For example, in budding yeast, PI(4)P serves as part of a molecular switch regulating the transfer of post-Golgi secretory vesicles from the Rab11 homolog Ypt32 to Sec15, a subunit of the exocyst complex involved in targeted membrane delivery [38] . Since Drosophila Fwd interacts with Rab11 [10] , which binds the exocyst in flies and mammalian cells (reviewed in [39] ), a similar pathway may contribute membrane during furrow ingression.
The exocyst is a likely target of regulation by PI(4,5)P 2 during cytokinesis. Exocyst function is required for cytokinesis in yeast, mammalian cells and flies [39] , and for cellularization, a modified form of cytokinesis, in Drosophila embryos [40] . PI(4,5)P 2 binding by two exocyst subunits, Sec3 and Exo70, is important for exocyst function in S. cerevisiae and mammalian cells (reviewed in [41] ). Nevertheless, it remains to be determined whether exocyst binding to PI(4,5)P 2 is critical for cytokinesis.
Endocytosis plays a role during furrowing and abscission in animal cells (reviewed in [42] ). The endocytic factors dynamin and clathrin are required for cytokinesis and are regulated by PI(4,5)P 2 . Arf6, which regulates endocytosis and exocyst function, also activates PIP5K (reviewed in [43] ). A possible model is that Arf6 and Rho, which also binds PIP5K (reviewed in [44] ), participate in a positive feedback loop that maintains a high concentration of PI(4,5)P 2 at the cleavage furrow in mammalian cells.
PI(3)P plays a critical role in endocytic trafficking by recruiting factors to endosomes. Targets of PI(3)P during HeLa cell cytokinesis include the PI(3)P-binding protein FYVE-CENT (reviewed in [23] ). FYVE-CENT recruits the PI3K Vps34 and its binding partners, indicating that PI(3)P, like PI(4,5)P 2 , drives a positive feedback loop that promotes its own synthesis during cell cleavage. PI(3)P also binds subunits of the ESCRT complexes (reviewed in [45] ). Four ESCRT complexes (ESCRT-0, -I, -II, and -III) are required for intralumenal vesicle formation and HIV budding, processes that are topologically equivalent to abscission. Indeed, human ESCRT proteins are necessary for abscission (reviewed in [46] ). ESCRT-dependent filaments form a helical structure adjacent to the midbody that constricts the plasma membrane from the cytoplasmic face until it can fuse and separate. How ESCRT proteins associate with the plasma membrane, and whether this association during cytokinesis is via direct binding to PI(4,5)P 2 , remains to be determined.
Looking to the Future Cytokinesis is a robust process. Disruption of particular PIP pathway enzymes rarely causes complete blockade of cytokinesis, indicating that cells likely employ multiple back-up pathways to ensure success. The use of different PIP pathways in different systems may reflect these redundancies, or may indicate the availability of -or requirement forparticular membrane sources or cytoskeletal regulators during cleavage. For example, the recent discovery of specific glycosylation enzymes that are required for cytokinesis suggests that the use of different PIP-dependent trafficking pathways (endocytosis and recycling versus de novo secretory trafficking) may be important in determining the composition of glycoproteins in the cleavage furrow. Equally, different organisms have evolved multiple family members for PIP pathway enzymes, thereby developing an inherent back-up system that needs to be dissected more carefully in the future.
PIPs also have the potential to affect sphingolipid composition and membrane curvature. PI(4)P recruits sphingolipid transfer proteins to the Golgi (reviewed in [37, 47] ), and inhibition of sphingolipid synthesis blocks cytokinesis [48] . PIPs can affect membrane curvature, both indirectly, via the production of diacylglycerol and phosphatidic acid or the recruitment of BAR-domain-containing proteins, and directly, by hydrogen bonding and clustering within membrane domains [49, 50] . The mechanisms by which PIPs ensure the correct composition and biophysical properties of the membrane during cleavage remain a future topic of investigation.
